Historically, the teaching of design theory in an engineering curriculum was relegated to a senior capstone design experience. Presently, however, engineering design concepts and courses can be found through the entirety of most engineering programs.
INTRODUCTION
ABET, Inc., formerly the Accreditation Board for Engineering and Technology, is the recognized accrediting organization for college and university programs around the world in applied science, computing, engineering, and technology. In 1997, ABET shifted away from specifying what material should be taught in engineering programs and towards what students actually learn by adopted Engineering Criteria 2000 (EC2000). EC2000 specifies eleven outcomes, a through k, that are meant to enable innovation in engineering programs rather than forcing all programs to conform to a standard [1] .
However, Outcome h in the ABET requirements has become a significant challenge to many engineering departments, which struggle to meet "the broad education necessary to understand the impact of engineering solutions in a global, economic, environmental, and societal context". For instance, at Trinity College, a first-year design course is used to assess every ABET outcome except Outcomes h and i [2] . At Purdue, involvement in extracurricular activities was used to assess each of the ABET outcomes; however, those conducting research were not able to make any conclusions for Outcomes h noting the need for "further analysis" of this outcome [3] . Another common response to provide a more global, socially sensitive context is to engage students in study abroad experiences. While the number of study abroad students historically had been increasing, current economic conditions have impacted the ability for students and universities to fund such experiences.
Breidis [4] noted that the assessment of Outcome h was "less straightforward" than the other professional outcomes, and a new course had to be developed to address this outcome directly. This strategy was used instead of using the humanities and social science general education courses to assess Outcome h. However, most departments do not have the flexibility or room to develop a new course specifically to address any single ABET outcome, much less Outcome h. As a result, most departments relegate this requirement to their senior capstone design experience along with many other ABET outcomes [5] . The end result is an ineffective "catch all" course with limited exposure to these increasingly important topics. Their importance is being heightened by the emergence of design innovation as a critical capability in addressing a number of technical, economic, environmental, and societal challenges around the globe [6] [7] . The factors influencing product design and development are in many ways the same ones that are impacting engineering education. Globalization, economic turmoil, environmental resource limitations, and interconnected social concerns are creating challenges that need engineers with a much broader perspective on their profession than they did even ten years ago.
As a result, design courses would seem to be likely candidates to integrate material to address Outcome h.
However, providing effective, useful, and engaging educational experiences to understand the global, social economic, and environmental (GSEE) impact of engineering solutions has proven to be a considerable task that entire teams of faculty are trying to address. Indeed, in [8] , freshman and senior design courses were studied and while seniors outperformed the freshmen on various metrics, the authors noted that there still remains significant room for improvement. They noted that senior engineering students must become more competent in all aspects of the design process, not just the analytical aspects of modeling. These other aspects of design include understanding the GSEE influences on design engineered solutions. In another study, seniors were found to consider more social and logistical issues in their designs than freshmen [9] , but the challenge still remains to provide students with educational experiences to internalize the GSEE impacts.
We address this challenge in an innovative way using product archaeology as the core curriculum paradigm. We define product archaeology as the process of reconstructing the lifecycle of a product -the customer requirements, design specifications, and manufacturing processes used to produce it -to understand the decisions that led to its development. By considering products as designed artifacts with a history rooted in their development, we synthesize concepts from archaeology with advances in engineering design to implement new educational innovations that integrate global, economic, environmental, and societal concerns into engineering designrelated courses using product archaeology. In this paper, we present the innovations at the senior design level.
PRODUCT ARCHAEOLOGY PARADIGM

Background
Talking about archaeology tends to conjure pictures of archeologists out in the field, digging in the dirt hoping to uncover artifacts that help them understand the life and times of the previous inhabitants. More specifically, "archaeologists try to reconstruct life and culture of past ages through the study of objects created by humans, known as artifacts" [10] . While archaeologists use a variety of tools and methods in their work, their approach to a new site can be generalized into four phases [11] : (1) preparation, (2) excavation, (3) evaluation, and (4) explanation. For instance, to prepare the site, archeologists might survey the site, take aerial photographs to assess the layout of the site, and research the history of the inhabitants. During the excavation phase, archaeologists may indeed spend time digging and exploring the site, looking for artifacts, tools, clothes, art, and other relevant evidence of its previous inhabitants. Depending on the nature of the site, the evaluation phase can include methods for chronological analysis (e.g., carbon dating) or for the analysis of the social, environmental, and technological aspects of the site and its inhabitants. Based on the evidence that is obtained, archaeologists conclude the study by developing suitable theories to explain what transpired at the site drawing from a wide range of explanations (e.g., migration, diffusion) [11] .
If we consider consumer products as the artifacts under investigation, then we can create many useful pedagogical analogies with archaeology for engineering. The concept of product archaeology is not new; it was first introduced by Ulrich and Pearson [12] as a way to measure the design attributes that drive cost through analysis of the physical products themselves. Our view is much broader in the sense that product archaeology provides an opportunity to study not only the manufacturing cost (i.e., economic issues) of a product, but also the global and societal context that influenced its development. It also provides a context for studying the environmental impact of a product by considering, for example, the energy and material usage throughout the life cycle of the product. When implemented in an engineering classroom, product archaeology allows students to place themselves in the minds of designers during the time a specific product was developed to try to re-create the global and local conditions that led to its development.
Paradigm Development
In order to further develop the archaeological analogy, we consider the four primary phases and their relevance in product design. The site preparation phase of archaeology corresponds to background research that an engineer would do before examining a product, including market research, patent searches, web searches, maybe even benchmarking existing products.
The excavation phase is analogous to product dissection whereby a product is disassembled, analyzed, and re-assembled to understand how it was made and how it functions [13] . While product archaeology represents a transformational advancement beyond product dissection, it builds upon and leverages the current widespread use of dissection activities in a number of diverse industrial and educational settings. For example, product dissection is an integral part of reverse engineering [14] [15] and benchmarking [16] [17] , which are used by companies for competitive analysis (e.g., General Motors analyzes nearly 40 of its competitors" vehicles each year [18] ) and design improvement (e.g., Whirlpool annually invites suppliers to disassemble and help improve Whirlpool products [19] ). In the classroom, product dissection has become a popular pedagogy for engaging engineering students given its "hands-on" nature. Product dissection introduces students to functional products and processes, and providing such experiences early in the students" academic careers increases motivation and retention [20] . Product dissection can also be used to increase awareness of the design process [13] , and such "learning by doing" activities encourage the development of curiosity, proficiency, and manual dexterity -three desirable traits of an engineer [21] .
Many product dissection activities that are in use today have their roots in Professor Sherri Sheppard"s Mechanical Dissection course at Stanford [22] [23] . Numerous engineering courses [3, 19, 21, 24] have drawn upon the materials and activities developed for her course, which is now almost twenty years old. These initial developments were in response to a general agreement by U.S. industry, engineering societies, and the federal government that there had been a decline in the quality of undergraduate engineering education over the previous two decades [24] [25] . As a result, there was a push towards providing both intellectual and physical activities (such as dissection) to anchor the knowledge and practice of engineering in the minds of students [26] [27] . However, the majority of the product dissection activities that have resulted from these efforts tend to focus solely on the technological aspects of the product, namely, how it functions and how it is made. In fact, continuing the analogy to archaeology, most product dissection activities tend to emphasize the following during the evaluation and explanation phases:
• Function-form determinations: What function does each component perform? Why are they made of their particular material? What manufacturing processes were used to fabricate the component? How do the forms, material choices, and manufacturing processes of components work together to help fulfill their functions? • Product architecture: Why was the final configuration and layout chosen? How are other related product configurations and platforms connected to this product? While there are exceptions (e.g., dissection of single-use cameras as a means to discuss recycling and design for reuse [27] ), many existing product dissection activities have missed opportunities to highlight the wide range of issues (e.g., global, economic, environmental, and societal) that influence product design and development.
We assert that product archaeology can be used to create integrative learning materials that provide students with a more in-depth understanding of the global, economic, environmental, and societal issues that impact engineering solutions. Anchored in product dissection, these materials can be developed for a variety of engineering design-related courses that span freshmen through senior levels. The starting point for our work is discussed in the next section, which outlines the framework that we have developed for product archaeology instruction.
Instructional Framework
We have formalized a framework to classify archaeological activities based on the level of the students involved, shown in Figure 1 . The Expose-Inspire-Inquire-Explore quadrant lexicon is based upon the original product dissection-based framework presented in [13] . The framework utilizes two axes to indicate: (1) the amount of guidance provided by the instructor through either oral or written instructions, and (2) the students" required engineering knowledge, ranging from students being able to answer how questions (e.g., how does the device work?) to why questions (e.g., why did designers choose this material?) that can be answered through product archaeology activities. The level and type of activity for each quadrant are described as follows.
I. Expose -Best suited for 1st and 2nd year courses to familiarize students with products and artifacts in a structured way, to teach students engineering vocabulary and terminology, and to overcome any anxiety with engineering; must be highly structured to ensure proper progress through the activities. II. Inspire -Useful in 1st and 2nd year courses to introduce design, graphics, or reinforce fundamentals from engineering courses such as statics and mechanics of materials; usually less structured to promote self-discovery. III. Inquire -Primarily used in 3rd and 4th year courses to provide hands-on activities to reinforce engineering principles and theory; usually highly structured to ensure that the material is covered properly. IV. Explore -Appropriate for 3rd and 4th year design courses to support idea generation, redesign, and benchmarking; application of "core" engineering knowledge; or an integral part of a design process; usually requires the least amount of supervisionintended to foster self-discovery. We have mapped the four phases of product archaeology onto this framework as a way to embody tangible strategies for providing opportunities for students to be exposed, be inspired, inquire, and explore.
Figure 1. Product Archaeology Framework
While the original framework in [13] provided a classification of product dissection activities based on the level of the student involved, it was not rooted in any formal learning theory. Therefore, we have integrated this framework with the Kolb model of experiential learning to guide future pedagogical developments based on more advanced product archaeology exercises. Kolb [28] argues that learning is a four-stage process involving the four learning modes of concrete experience, reflective observation, abstract conceptualization, and active experimentation. We assert that Kolb"s four stages of learning can be mapped to the four phases of archaeological exploration as shown in Figure 2 [29] .
Specifically, during the preparation phase students will reflect on what they know about the factors that impact the design of particular products and postulate responses to several questions relating to economic, societal, etc. aspects of the designs. The excavation activities serve as concrete experiences where students can physically dissect products and perform appropriate research to develop well-reasoned answers to specific design-related questions. The evaluation and explanation phases provide opportunities for students to actively experiment and abstract meaning from both their research and concrete dissection experiences, reflecting on their work in the context of how global, economic, environmental and societal factors influence design decisions. Our approach to developing archaeological exercises embeds explicit opportunities for students to reflect on their experiences and, based on these reflections, abstract ideas about how components function and why they are made based on global, economic, environmental, and societal influences. In this way, our pedagogy and assessment mechanisms provide a holistic learning experience with equal emphasis on the four learning modes in Kolb"s model. In the next section, we present scalable learning materials, strategies, and educational innovations that we are implementing to develop students" understanding of the broader context of engineering. Then, in Section 5, we present the assessment of our implementation of these materials, including comparing the outcomes to the national Prototype to Production (P2P) study [30] based on the Engineer of 2020 report [31] . These learning materials provide representative cross-cultural study experiences to address global, economic, environmental, social issues in developing engineering solutions.
SENIOR DESIGN COURSE IMPLEMENTATION
Course Description
We have developed and implemented teaching modules for a senior design course (MAE451: Design Process and Methods). This course focuses on teaching the fundamental theories of a design process, starting from problem clarification to product support. The design process representing the core of the semester activities is shown in Figure 3 . The course is a required course for all mechanical engineering students and averages between 155-170 students each year. Half of the course grade is based on individual homework, a final exam, and a design portfolio. The other half of the grade is based on group work. There are typically between 30-32 groups in the course. The major portion of the group work is the global challenge projects, described in the next section. 
Global Challenge Projects
One of the new modules that we have developed to address global, social, environmental, and economic issues leverages three of the National Academy of Engineering"s Grand Challenges [32] . The pedagogical focus is on the Explanation phase of the product archaeology framework, although in the process of designing and drawing conclusions, the students many times perform tasks and experience opportunities related to the preparation, excavation, and evaluation phases.
The month-long modules (i.e., mini-projects) focus on the following challenges: 1) Making Solar Energy Economical: Students experience significant opportunities to understand environmental, global, economic, and social impacts on developing customer requirements. 2) Provide Access to Clean Water: Students experience significant opportunities to understand environmental, global, economic, and social impacts on developing design concepts. 3) Restore and Improve Urban Infrastructure: Students experience significant opportunities to understand environmental, global, economic, and social impacts on embodying design solutions. The mini-project descriptions are shown in Appendix A. These can also be accessed as a part of the teaching material found at: www.productarchaeology.org. The mini-projects progressively allow the students to experience more of the design process in Figure 3 . For instance, in mini-project 1, the deliverable is simply the design problem, including all the customer requirements and engineering specifications. Students must consider environmental, social, economic, and social issues in the development of their customer requirements. In miniproject 2, the students must perform all the same tasks as miniproject 1, but also must develop a conceptual solution to the problem. In mini-project 3, the students must perform all the same tasks as mini-project 2, but also must embody and detail their design solutions. All semester emphasis is placed on innovative, multi-cultural, scalable, environmentally aware, economically feasible, and globally relevant solutions with significant social impact.
At the close of each month-long mini-project, the student groups present a brief, one-minute report-out using a single slide. Samples of these report-out slides are shown in Figure 4. 
Archaeological "Digs"
To foster the product archaeology paradigm, a set of competitive archaeological "digs" were implemented in the class. In each dig, the class was given "clues", one at a time, which described an unknown mechanical system. The clues were sometimes word descriptions of a system component and sometimes a picture of a component. A new clue was given to the entire class, on average, once a day. The pedagogical focus of these digs is on the Excavation and Evaluation phases of the Product Archaeological paradigm.
For each dig, every group was only allowed one guess as to what the system is. The winner group was awarded bonus points, typically 5-10 points on a homework or group project. If a group guessed and were wrong then they were eliminated from contention for that dig.
Therefore, there was a competitive tension between waiting for more clues and not being beaten to the right answer by another group. The digs were administered completely on Facebook using a group solely for the MAE451 course (group name: mae451.2010). Over the semester, there were ten competitive digs in all. In Figure 5 , a screen shot of the final dig of the semester is shown. Each competitive dig was successfully identified by a student group, with the longest dig requiring 12 clues and 40 group guesses before being correctly identified. On this particular dig, the first guesses from all the groups were wrong, so the groups were all given a second guess. The history of the verbal clues and guesses for this dig is shown in Table 1 with the correct answer, wing flap/aileron system, shown after clue 12. The shortest dig, a VCR, required only one graphical clue and was identified in the first group guess, as one of the students had been repairing his own VCR and recognized the part.
In Table 2 , another of the competitive digs with graphical clues is shown. The correct answer was guessed after the third clue. The next three clues if the correct answer was not guessed are also shown.
Innovation Communication
Another dimension of group work based on the product archaeology paradigm was in the form of short communications on an innovative product of the group"s choice. Each class starting after the first week of class, a different group presented during the first 5 minutes of class. Each group was asked to find an innovation product, system, process, and/or artifact and present it to the class using any of the media modes available to them (visualizer, PowerPoint, internet, etc.). Once an idea or product was presented in class, it could not be presented again by another group. Again, the course Facebook group page was used for groups to claim their product anytime during the semester, as shown in Figure 6 . The pedagogical focus of the innovation communications is on the preparation and explanation phases of the Product Archaeological paradigm. Students had to prepare by performing historical research on products and systems, and then they needed to effectively explain their conclusions to the class. 
Figure 6. Innovation Communication Page
Groups had to quickly find a novel product and claim it, mimicking the preparation and excavation processes that archaeologists conduct when searching for the best sites to dig. A sample of the topics presented is shown in Table 3 . In the next section, we present assessment results for the entire course and its collective impact on students relative to the rest of their engineering courses.
ASSESSMENT
The learning materials in Section 4 were introduced in a fall 2010 senior design class (MAE 451) to provide students representative cross-cultural study experiences to address global, economic, environmental, social issues in developing design engineering solutions. To assess the implementation of these materials, items from the national Prototype to Production (P2P) Engineer of 2020 (E2020) study [30] and additional course-specific items were used to create a survey that was administered at the end of the fall 2010 semester. Of the 163 students in MAE451, 100 submitted surveys. (Survey completion was optional.) The students were asked to evaluate how much two sets of courses had emphasized three groups of learning objectives: 1) Topics in Engineering, 2) Professional Skills, and 3) Problem Solving Skills.
The first set of courses evaluated included all other engineering courses besides MAE451; the second set evaluated included MAE451 alone. This was done to isolate the impact of MAE451 on these learning objectives. A five-point Likert scale was used: little/no emphasis (1), slight (2), moderate (3), strong (4), and very strong (5). Paired samples t-tests were used to compare student"s responses to items regarding the two sets of courses. To control for multiple comparisons, a post hoc Bonferroni correction was administered. In Table 4 , the analysis of the data is shown. The columns display respectively the average score for all the other courses except MAE451, the average score for MAE451, the p-value from the hypothesis test, and the rank in the group. What is evident is that MAE451 placed a greater emphasis on almost every issue compared to the other courses in the curriculum. The only issue that did not have a significant difference was "How theories are used in engineering practice" in the "Topics in Engineering" set. All the other issues had a significant difference corresponding to a p-value of less than 0.001, with the exception of the "Systems Thinking" issue in the Problem Solving Skills set which had a p-value of less than 0.01.
Further, the bolded items in each topic represent issues directly relevant to the GSEE areas in ABET"s Outcome h, demonstrating how significant an impact the new product archaeology modules introduced in MAE451 had on the students" understanding of the global, social, environmental, and economic issues in engineered solutions. The top-ranked topic in each set directly relate to ABET"s Outcome h criteria: For "Topics in Engineering", the topic Current workforce and economic trends (globalization, outsourcing, etc.) aligns with with the global and economic criteria. For "Professional Skills", the topic Project management skills (budgeting, monitoring progress, managing people, etc.) aligns with with the economic and social criteria. For "Problem Solving Skills", the topic Understanding how an engineering solution can be shaped by environmental, cultural, economic, and other considerations aligns with with the environmental, economic, and social criteria.
While the P2P survey focused on student perceptions, further evaluation was conducted using an objective assessment of the students" performance.
As part of the Department of Mechanical and Aerospace Engineering"s preparedness strategy for ABET review, a set of learning objectives for each of the ABET outcomes are assessed. For Outcome h, MAE451 was used to assess the following learning objective: "understand the role and relevance of global and societal concerns in developing engineering requirements." Starting in 2010, this learning objective was accomplished using the Product Archaeology-based strategies presented in Section 4. Previous to 2010, a completely different set of assignments and group exercises, not based on Product Archaeology, were used. In Figure 7 , the scores of a sampling of student work from 2010 are compared to a sampling of student work from 2006 and 2007. Data from 2008 and 2009 were not used, as the course was transitioning to its new instructional format. A team of two faculty members were used to evaluate the student work each year. The first author of this paper was the common member of this team every year. The evaluators used the following scoring criteria: Able to identify societal issues to be considered during development of a given product. Able to identify how societal and global issues influence development of requirements and technical specifications. The evaluation team used the following scale: 4 Meets all or nearly all the criteria 3
Meets most of the criteria 2
Meets some of the criteria 1
Meets few or none of the criteria
Figure 7. Multiyear Comparison
Clearly, the students from 2010 have scored higher on the Outcome h criteria, quantitatively demonstrating the effectiveness of the Product Archaeology perspective taken in the instructional materials.
CONCLUSIONS AND FUTURE WORK
We are synthesizing concepts from archaeology with advances in cyber-enhanced product dissection to implement new educational innovations that will directly address the challenging global, economic, environmental, and societal concerns associated with ABET Outcome h. The crowded engineering curricula provide few opportunities to offer meaningful experiences to address this outcome, and most departments relegate this requirement to an early cornerstone or later capstone design experience. As a result, students" achievements towards this outcome are most often lacking. We address this issue by providing scalable learning materials, strategies, and educational innovations that develop students" understanding of the broader context of engineering. We are establishing product archaeology -the process of reconstructing the lifecycle of a product including the customer requirements, design specifications, and manufacturing processes used to produce it in order to understand the decisions that led to its development -as our scalable and sustainable pedagogical foundation for engineering.
Our activities have revealed some valuable insights that instructors can immediately take advantage of and that we can use to shape future studies: Product Archaeology activities provide valuable opportunities for students to experience, evaluate, and implement global, social, environmental, and economic issues in engineering design. These opportunities, as implemented in a senior design experience, provide effective support to meet ABET outcome h in an engineering curriculum. Not only do the Product Archaeology activities impact the GSEE criteria, but they positively impact many of the other knowledge areas that have been identified as vitally important for the engineers of 2020, as shown in Table 4 . Qualitative feedback from the students was very positive. Representative comments are as follows: -"Most interesting class of the past two semesters. Shows a real application of engineering in the "real world" and the direction that design is heading." -"I think this course is a must-have course to be a successful engineer and it really opened my mind to all the ideas behind innovation and design."
Engineering is no longer a profession driven solely by technical issues -engineers must now understand the global implications of their decisions on social communities, corporate economics, and the environment. In this work, we are focusing on enriching the limited exposure that students currently get to many of these topics.
Current work includes continued development of instructional material, course plans, and assessment strategies across the entire undergraduate design curriculum and studies aimed at identifying multi-year trends in the results. These materials will be disseminated through continuing workshops for faculty and students as well as through our product website: www.productarchaeology.org.
Mini-Project 2 Description Mini-Project 3 Description
mae451: design process and methods fall 2010 department of mechanical and aerospace engineering university at buffalo mini.project 2 provide access to clean water due wed nov 3 description The world's water supplies are facing new threats; affordable, advanced technologies could make a difference for millions of people around the world. Lack of clean water is responsible for more deaths in the world than war. About 1 out of every 6 people living today do not have adequate access to water, and more than double that number lack basic sanitation, for which water is needed. Some countries have far more water than their population needs while in others, half the population does not have access to safe drinking water. By some estimates, each day nearly 5,000 children worldwide die from diseases resulting from unclean sanitation water. The new threats to the world's water supplies demand affordable and advanced design solutions that could impact millions of people around the world. tasks 1 Your first task is, in the same manner as Mini-Project 1, to identify a design problem related to this grand challenge. While the source of this problem could be technical, economic, social, and/or environmental, fully defining the problem will most likely require consideration of all of these aspects. This will take substantial research, dialogue, and thinking. This task will require the following: A clear statement of the design problem including the appropriate context, customer group, and regional consideration. A comprehensive set of customer requirements that cover the major customer groups for the problem.
A set of engineering specifications that address the customer requirements. A House of Quality (HoQ) that relates the customer requirements to the engineering specifications. The expectations for the HoQ include the left side (the WHATs), importance for the WHATs, the top side (the HOWs), and the roof (HOW vs. HOW). Explain and discuss the major trends and findings from the house.
2 Your second task is to generate a set of design alternatives for your design problem. The more alternatives you generate, the better you will do on this portion of the project. Your methods of generating the concepts should be clearly discussed.
3 The third task is to select the most promising design alternative. The criteria along with the method you use to make this evaluation must be clearly presented. This evaluation may require narrowing down the initial set using more qualitative filters until a quantitative assessment can be done on a smaller number of alternatives.
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